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Appendices 


Introduction 


The  goal  of  this  project  is  to  develop  a  microsystem  for  continuous  sorting  of  target  cells  from  a 
heterogeneous  suspension  of  cells.  Conceptually,  the  technique  requires  the  transformation  of  a 
distinguishing  biochemical  characteristic  of  the  target  cells,  such  as  up-regulated  cadherin 
phenotype,  into  a  mechanical,  electrical  or  magnetic  property  that  makes  it  possible  to  selectively 
manipulate  the  cells  on  the  microscale.  Such  manipulations,  then,  permit  one  to  continuously 
flow  the  entire  suspension  through  a  network  of  nanostructures,  sorting  out  the  target  cells  by 
taking  advantage  of  their  unique  physical  feature.  The  project  involves  the  following  major  steps: 

•  Determining  the  parameters  of  cadherin-mediated  adhesion  for  sorting  a  single  group  of  cells 
from  a  mixed  population  including  the  development  of  a  model  system  of  cells  to  evaluate 
cadherin-mediated  cell  sorting  on  MEMS,  and  estimating  the  sensitivity  of  cadherin- 
mediated  cell  capture  for  an  in  vivo  system  (SCID  mice). 

•  Fabricating  bio-functional  microchannels  to  capture  target  cells  including  immobilization  of 
prescribed  patterns  of  cadherin  counter-ligands  within  microchannels  etched  into  silicon,  as 
well  as  evaluating  the  effectiveness  of  these  patterns  in  capturing  target  cells  from  flowing 
suspensions. 

•  Building  an  integrated  microdevice  to  select  target  cells  from  heterogeneous  suspensions  of 
cells. 

The  first  two  steps  are  formulated  to  lay  the  foundation  for  the  third  step,  which  involves 
fabrication  of  microdevices  with  integrated  networks  of  microchannels,  fluid  reservoirs,  pumps 
and  the  functionalized  surface  regions. 
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Body 


The  results  obtained  thus  far  are  elassified  into  four  topics:  (i)  development  of  a  model  system  of 
cells  to  evaluate  cadherin-mediated  cell  sorting,  (ii)  fabrication  of  microchannels  with  antibody- 
functionalized  surfaces,  (iii)  selective  binding  of  breast  cancer  cells  on  antibody-coated  surfaces, 

(iv)  capture  of  breast  cancer  cells  in  microchannels  with  antibody-functionalized  surfaces,  and 

(v)  characterization  and  manipulation  of  the  amount  of  antibody  on  functionalized  surfaces. 

I  -  Development  of  a  model  system  of  cells  to  evaluate  cadherin-mediated  cell  sorting 

Our  proposal  focuses  on  using  N-cadherin  to  select  and  sort  metastatic  breast  cancer  cells.  We 
utilized  the  breast  cancer  cell  line  MDA-MB-23 1  as  our  model  system,  as  it  is  widely  used  as  a 
model  of  metastatic  disease.  Importantly  for  our  system,  MDA-MB-23 1  cells  endogenously 
express  cadherin-11,  so  we  could  transfect  the  cells  with  a  N-cadherin  expression  vector  and 
compare  the  capture  of  transfected  versus  control  cells  to  test  the  selectivility  of  the  microdevice. 
We  transfected  the  NCADGFP  vector  (pEGFNl,  Clontech)  into  MDA-MB-23 1  cells  and 
selected  stable  transfectants  with  neomycin,  resulting  in  the  expression  of  a  human  N-cadherin- 
GFP  fusion  protein.  We  utilized  a  fluorescence  activated  cell  sorter  to  isolate  MDA-MB-23 1 
cells  that  were  GFP  positive  and  over  expressing  the  N-cadherin-GFP  fusion  protein.  After  two 
rounds  of  sorting,  we  derived  a  homogeneous  population  as  evident  in  Figure  1. 


Figure  1.  A  picture  of  N-cadherinGFP  expressing  MDA-MB-23 1  cells;  the  green  color  marks  the  location 
of  the  N-cadherin  molecules  indicating  successful  transfection. 


Our  approach  will  be  to  utilize  two  counter  ligands  for  selecting  cell  populations.  The  first  is  an 
N-cadherin  antibody  that  binds  to  the  extra  cellular  domain  of  N-cadherin.  The  second  is  to 
produce  a  recombinant  N-cadherin  counter  ligand  that  consists  of  the  N-cadherin  extracellular 
domain  fused  to  the  Fc  portion  of  mouse  IgG2b.  The  full  length  N-cadherin  plasmid  described 
above  was  used  as  the  template  and,  by  amplifying  two  PCR  fragments,  we  have  cloned  the 
entire  extracellular  domain  (740  amino  acids)  including  the  signal  peptide,  the  propepetide  and 
the  five  extracellular  cadherin  repeats.  These  fragment  were  ligated  to  the  Fc  fragment  of 
pBSgamma  which  we  revceived  from  Dr.  R.  Mege  INSERM.  The  next  step  is  to  subclone  the 
entire  fragment  into  a  mammalian  expression  vector  pCEP4  for  expression  of  the  fusion  protein. 
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II  -  Fabrication  of  microchannels  with  antibody- functionalized  surfaces 


A  schematic  cross-section  of  an  antibody-coated  microchannel  is  illustrated  in  Figure  2(a),  and  a 
photograph  of  a  packaged  device  with  a  bio-functionalized  microchannel  is  shown  in  Figure 
2(b).  The  fabrication  of  the  microchannel  starts  with  a  thermal  growth  of  a  0.3pm  thick  oxide 
layer  on  a  4”  <100>  P-type  silicon  wafer  about  500pm  in  thickness.  The  microchannel  pattern,  is 
transferred  to  the  oxide  etch  mask  utilizing  standard  photolithography  and  etching  techniques; 
the  microchannel  length  is  about  Z=32mm  and  its  width  about  W=lmm.  The  microchannel 
grooves,  100pm  deep,  are  etched  in  the  silicon  wafer  using  25%  TMAH.  After  stripping  the 
oxide  etch  mask,  a  fresh  0.3pm-thick  silicon  dioxide  layer  is  thermally  grown  on  each  processed 
wafer.  In  order  to  maximize  the  hydroxyl  groups  on  the  oxide-coated  surface,  the  substrate  is 
treated  with  1:1:6  of  50%  hydrogen  chloride,  30%  hydrogen  peroxide  and  DI  water  at  80‘’C  for 
15minutes,  rinsed  in  DI  water,  and  dried  with  nitrogen  gas  flow. 


Figure  2.  (a)  A  schematic  cross  section  of  a  microdevice  with  an  antibody-functionalized  microchannel 
and  (b)  a  photograph  of  a  packaged  microdevice  after  completing  the  fabrication  process. 
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Figure  3.  A  schematic  illustration  of  the  immunoassay  for  antibody  immobilization  on  an  oxide  surface. 
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The  immunoassay  for  functionalizing  an  oxide  surface  with  antibodies  is  schematically 
illustrated  in  Figure  3.  The  inner  surface  of  the  fabricated  microchannel  is  uniformly 
functionalized  with  antibody  molecules  following  a  previously  reported  bio  assay  [11].  The 
microchanel  is  filled  with  1%  (vol/vol)  3 -aminopropyltrioxy silane  (APTES)-acetone  solution  for 
ISminutes  at  room  temperature.  Thus,  the  hydroxyl  groups  of  the  silicon  dioxide  surface  are 
silanted  resulting  in  self-assembled  APTES  molecules.  The  APTES-coated  surface  is  activated 
with  1.2%  (vol/vol)  glutaraldehyde  in  water  (Fluka)  for  2  hours  at  room  temperature  to  promote 
a  Schiff-base  reaction  between  the  amine  and  aldehyde  groups.  After  flushing  the  microchannel 
with  excess  of  DI  water  and  lx  phosphate  buffer  saline  (PBS)  buffer  solution,  Protein  G  from 
E.coli  (Zymed  Lab  Inc.),  50  pg/ml  in  IxPBS,  is  incubated  on  the  activated  surface  for  overnight 
at  4“C.  In  order  to  block  excess  of  silane  sites,  the  channel  is  filled  with  bovine  serum  albumin 
(BSA)  solution  (2mg/ml  in  IxPBS)  for  1  hour  at  room  temperature.  Finally,  either  anti-E- 
cadherin  (anti-E-cad  from  Zymed  Lab  Inc)  or  anti-N-cadherin  (anti-N-cad  from  Sigma) 
antibodies  from  mouse,  100  pg/ml  in  IxPBS  are  incubated  on  the  protein  G  layer  at  room 
temperature  for  1  hour.  The  immunoassay  is  completed  after  thoroughly  washing  the 
microchannel  in  PBS  solution  and,  thus,  obtaining  a  microchannel  inner  surface  uniformly 
coated  with  an  antibody  layer. 

The  bio-activity  of  the  antibody  layer  inside  the  microchannel,  after  device  packaging,  is  tested 
using  antibody-antigen  interaction.  Anti-mouse  IgG  whole  molecules  (Jackson 
ImmunoResearch),  tagged  with  Cy3  fluorescent  dyes,  at  a  concentration  of  15  pg/ml  in  IxPBS 
are  incubated  in  the  microchannel  for  1  hour  at  room  temperature  in  the  dark  to  prevent  photo 
bleaching  of  the  Cy3  molecules.  After  incubation,  the  microchannel  is  washed  thoroughly  and 
filled  with  IxPBS.  The  device  is  then  excited  under  a  fluorescent  microscope  (Nikon  eclipse  80i) 
equipped  with  Cy3  filter.  A  red  light  is  emitted  from  the  regions  corresponding  to  the 
immobilized  antibody,  as  demonstrated  in  Figure  4(a).  The  corresponding  normalized  intensity 
profiles,  plotted  in  Figure  4(b),  are  fairly  uniform  along  and  across  the  microchannel  (error  bars 
indicate  one  standard  deviation).  Thus,  the  microchannel  fabrication  process  employed  in  this 
work  leads  to  the  successful  immobilization  of  an  anti-E-cad  antibody  layer  still  bio-active  after 
device  packaging. 


Figure  4.  (a)  A  fluorescent  microscope  image  of  a  microchannel  segment,  about  Immxlmm  in  area, 
following  labeled-antigen/antibody  interaction  to  test  the  bioactivity  of  the  immobilized  antibody  layer, 
and  (b)  the  measured  intensity  profiles  along  and  across  the  microchannel  shown  in  Figure  4(a). 
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Ill  -  Selective  binding  of  breast  cancer  cells  on  antibody-coated  surfaces 


Selective  binding  of  target  cells  to  functionalized  surfaces  has  been  tested  by  incubating  a 
mixture  of  E-cadherin  expressing  breast  cancer  cells,  BT20  labeled  in  red  (10^  cells/ml),  and  N- 
cadherin  expressing  prostate  cancer  cells,  PC3N  labeled  in  green  (10^  cells/ml),  on 
functionalized  surfaces.  In  the  first  experiment,  anti-N-cad  antibodies  were  immobilized  on  flat 
silicon  wafers.  After  one  hour  incubation  time  of  the  cell  mixture,  the  samples  were  washed  and 
images  of  the  attached  cells  were  taken  under  a  fluorescent  microscope  as  sown  in  Figure  5.  The 
experiment  was  then  repeated  on  surfaces  functionalized  with  anti-E-cad  antibodies,  and  images 
of  the  attached  cells  are  shown  in  Figure  6. 


(a)  (b) 

Figure  5.  Fluorescent  microscope  images  taken  after  1  hour  incubation  of  BT20/PC3N  mixture  on  an  anti- 
N-cad  surface:  (a)  using  green  filter  showing  many  attached  N-cad  expressing  PC3N  cells,  and  (b)  using 
red  filter  showing  practically  no  attached  E-cad  expressing  BT20  cells. 


(a)  (b) 

Figure  6.  Fluorescent  microscope  images  taken  after  1  hour  incubation  of  BT20/PC3N  mixture  on  an  anti- 
E-cad  surface:  (a)  using  green  filter  showing  attached  N-cad  expressing  PC3N  cells,  and  (b)  using  red 
filter  showing  slightly  more  attached  E-cad  expressing  BT20  cells. 
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Figure  7.  Percentage  of  captured  cells  from  a  BT20/PC3N  mixture  on  flat  silicon  wafers  functionalized 
with  either  anti-E-cad  or  anti-N-cad  antibodies  after  1  hour  incubation  time. 

The  capture  selectivity  of  N-cad  expressing  cells  (PC3N)  by  the  anti-N-cad  functionalized 
surface  is  very  high,  as  shown  in  Figure  7;  with  no  hindrance  in  capture  efficiency  due  to  the 
presence  of  E-cad  expressing  cells  (BT20).  However,  the  capture  selectivity  of  the  anti-E-cad 
functionalized  surface  is  not  so  high;  a  preliminary  result  that  requires  further  investigation. 


anti-E-cadherin  anti-N-cadherin 

Surface 
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IV  -  Capture  of  breast  cancer  cells  in  microchannels  with  antibody-functionalized  surfaces 


The  E-cadherin  expressing  BT20  breast  eancer  cells  were  maintained  and  grown  in 
1xDMEM/F12  (Invitrogen)  with  10%  fetal  bovine  serum  (Cellgro)  and  1%  penicillin- 
streptomycin  (Invitrogen)  at  37°C  in  5%  CO2  in  humid  environment.  The  growth  medium  wa 
aspirated  and  the  cells  were  incubated  with  4mM  EDTA  in  Ixcalcium  free  PBS  (CMF-PBS)  for 
1 5mins  for  detachment.  After  centrifugation  and  solution  removal,  the  cells  were  re-suspended  in 
IxS-MEM  (Invitrogen)  with  0.1%  BSA,  while  the  concentration  was  estimated  by  cell  counting 
with  a  haemocytometer.  The  BT20  cell  suspension  was  loaded  into  the  microchannel  using  a 
syringe  pump.  Once  the  channel  was  full,  the  pump  was  tumed-off  allowing  cell  incubation  for  a 
selected  time  interval.  Then,  a  second  syringe  pump  was  used  to  flush  the  channel  with  IxCMF- 
PBS,  under  controlled  flow  rate,  for  the  removal  of  un-bounded  cells.  All  experiments  were 
conducted  and  monitored  under  a  microscope  equipped  with  a  CCD  camera  and  a  DVD  recorder 
for  further  data  processing  as  illustrated  in  Figure  8. 


Figure 


8.  A  schematic  of  the  experimental  set  up  including  the  syringe  pump  and  microfluidic  device. 


To  demonstrate  specific  cell  binding,  E-cadherin  expressing  breast  cancer  cells,  BT20,  have  been 
incubated  in  microchannels  coated  with  either  anti-N-cad  or  anti-E-cad  antibodies.  After  15min 
incubation  time  at  room  temperature,  under  no-flow  condition,  the  total  number  of  cells  in  each 
microchannel  was  counted.  The  microchannels  were  then  washed  with  IxCMF-PBS  to  remove 
un-bounded  cells,  leaving  inside  only  BT20  cells  firmly  attached  to  the  channel  surface.  The 
percentage  of  captured  cells  in  comparison  to  the  initial  number  of  cells  present  in  each  channel 
is  plotted  in  Figure  9;  50%  of  the  cells  initially  present  in  the  microchannel  are  captured  on  the 
anti-E-cad  surface,  while  less  than  10%  are  captured  on  the  anti-N-cad  surface. 
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Figure  9.  Percentage  of  captured  BT20  and  PC3N  from  homogeneous  suspensions  in  microchannels 
functionalized  with  either  anti-E-cad  or  anti-N-cad  after  15min  incubation  time  under  no-flow  condition. 
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Furthermore,  the  images  in  Figure  10  demonstrate  that  the  number  of  captured  BT20  cells  by  the 
anti-E-cad  coating  strongly  depends  on  the  incubation  time.  As  shown  in  Figure  11,  increasing 
the  incubation  time  from  5  to  10  and  15min  resulted  in  a  roughly  linear  increase  in  the 
percentage  of  captured  BT20  cells  with  respect  to  the  initial  number  of  cells  loaded  into  the 
microchannel. 


Figure  10.  Images  of  captured  BT20  breast  cancer  cells  in  microchannels  coated  with  anti-E-cadherin 
after:  (a)  5min,  and  (b)  15min  incubation  time. 


Figure  11.  The  effect  of  incubation  time  on  the  percentage  of  cancer  cells  captured  on  the  anti-E-cad- 
coated  micro-channel  surface. 

Attempts  to  capture  moving  cancer  cells  at  high  flow  rate  were  unsuccessful.  However,  the 
sequence  of  images  in  Figure  12  shows  that  the  location  of  the  marked  cell  in  Figures  12(a-b)  is 
changing,  while  in  Figures  12(c-d)  it  is  fixed.  This  clearly  demonstrates  that  a  moving  BT20  cell 
in  contact  with  an  anti-E-cad  coated  surface  under  very  low  flow  rate  can  be  captured. 
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Figure  12.  A  time  sequence  of  images  showing  BT20  cancer  cell  passing  through  a  microchannel  with  an 
anti-E-cad-coated  surface:  (a)  t=0s,  (b)  6s,  (c)  12s,  and  (d)  18s. 
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The  time-dependent  location  of  the  BT20  cell  marked  in  Figure  12  is  plotted  in  Figure  13  with 
the  slope  of  the  curve  being  the  instantaneous  cell  velocity.  The  cell  is  moving  at  a  constant 
speed  of  about  ISpm/s  with  a  very  short  deceleration  period/distance  before  completely 
stopping. 
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Figure  13.  The  displacement  and  velocity  of  the  captured  BT20  cancer  cell  tracked  in  figure  9. 


However,  once  a  strong  binding  is  established,  typically  after  15min  incubation  time,  flow 
induced  shear  stress  with  average  velocity  in  access  of  200mm/s  failed  to  detach  the  captured 
cells  as  evident  in  the  images  shown  in  Figure  14.  Zoom  in  pictures  of  a  captured  BT20  cell, 
shown  in  Figure  15,  indicate  that  the  cell  undergoes  severe  distortion  when  subjected  to  high 
flow  rate.  Initially  spherical  about  20 pm  in  diameter,  it  is  elongated  to  about  40pm  in  the  flow 
direction  due  to  the  high  flow  rate. 


Figure  14.  Images  of  captured  cancer  cells  on  the  bottom  of  a  microchannel  coated  with  anti-E-cadherin 
subjected  to  flow  of  (a)  1 1  Imm/s,  and  (b)  222mm/s. 


(a)  (b) 

Figure  15.  A  captured  BT20  cancer:  (a)  after  incubation  under  no  flow,  and  (b)  after  capture  subject  to  a 
flow  of  55mm/s. 
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V.  Manipulation  and  measurement  of  anti-N-cadherin  (ACAM)  surface  concentration 


One  important  aspect  of  engineering  a  microdevice  to  capture  CTCs  is  the  development  of 
methods  to  derivative  surfaces  with  biologically-active  molecules.  To  engineer  the  system,  we 
must  be  able  to  measure  and  control  the  number  density  of  the  molecules  immobilized  on  silicon 
dioxide  surfaces.  In  this  sub-section,  we  focus  on  the  anti-N-cad  molecule,  also  known  as 
ACAM.  The  surface  derivatization  and  characterization  methods  developed  to  this  point  can  be 
readily  extended  to  the  anti-E-cad  molecules  that  we  have  also  used  to  capture  cells  (Figures  7,  8, 
and  10). 

To  estimate  the  amount  of  ACAM  on  a  surface,  we  have  developed  an  assay  that  uses  a 
secondary  antibody,  labeled  with  horseradish  peroxidase  (HRP).  The  antibody  attaches  to 
ACAM  in  a  one  to  one  ratio  and  the  conjugated  HRP  is  subsequently  used  to  catalyze  the 
hydrogen  peroxide  oxidation  of  a  fluorometric  substrate  (Ultra  Amplex  Red  from  Molecular 
Probes,  Inc.)  dissolved  in  an  aqueous  buffe.  The  oxidation  reaction  scheme  is  illustrated  in 
Figure  16.  The  fluorescent  signal  thus  generated  is  used  to  quantify  the  amount  of  ACAM  on  the 
derivatized  surface. 
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Figure  16.  The  reaction  path  for  oxidation  of  Ultra  Amplex  Red  (10-actetly-3,7-dihydroxyphenoxazine) 
by  hydrogen  peroxide  (H2O2).  The  oxidation  process  is  catalyzed  by  HRP  and  yields  the  fluorescent 
product  Resomfm  (7-Hydroxy-3H-phenoxazin-3-one).  Resomfm  can  be  subsequently  oxidized  to  form 
non-fluorescent  products  [12],  but  this  process  happens  slowly  and  does  not  interfere  with  properly 
implemented  fluorometric  assays. 


The  assay  is  performed  on  1-cm^  silicon  wafers,  derivatized  with  ACAM  by  the  protocol 
outlined  in  Figure  3;  we  euphemistically  refer  to  these  small,  square  wafers  as  chiclets.  The 
secondary  antibody,  viz.  rat  anti-mouse  monoclonal  IgGl  istotype  labeled  with  HRP,  is  then 
incubated  on  the  chiclet  surface  for  1  hour.  Chiclets  are  then  washed  with  IXPBS  and 
individually  placed  in  the  wells  of  a  24-well  micro-plate  (Fisher  Scientific).  A  working  solution 
comprised  of  50pM  Ultra  Amplex  Red,  200  pM  hydrogen  peroxide  in  IXPBS  [13-15]  is  added 
to  the  wells  and  the  fluorescent  signal  is  analyzed  using  the  SPECTRAmax  Gemini  (Molecular 
Probes).  The  fluorescence  signal,  generated  by  the  action  of  the  HRP  immobilized  on  the 
chiclets,  is  then  read  in  kinetic  mode  with  excitation  and  emission  max  of  444nm  and  590nm, 
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respectively,  with  an  auto  cutoff  of  590nm.  Readings  are  taken  every  60  seconds  and  the 
microplate  is  agitated  by  the  auto  shake  function  5  seconds  before  each  read.  These  data  are  then 
interpreted  with  a  Michaelis-Menten  model  of  the  HRP  enzyme  kinetics,  viz. 

dt  K,+C, 
dt  K,+C, 

Here  Cs  and  Cp  respectively  denote  the  concentration  of  substrate  (Ultra  Amplex  Red)  and 
fluorescent  product  (Resorufm)  in  a  given  micro-plate  well  as  a  function  of  time  t;  Fmax  and  Km 
are  the  standard  Michaelis-Menten  kinetic  parameters.  Using  a  least-squares  regression  to  match 
the  kinetic  model  to  the  measured  fluorescent  signal,  we  extract  values  for  Umax  and  Km-  As  is 
well  known,  Fmax  is  the  parameter  related  to  the  amount  of  enzyme  present. 

The  relationship  between  Fmax  and  the  amount  of  enzyme  present  is  determined  empirically  by 
performing  the  previously  described  experiment  in  free  solution,  absent  the  chiclets.  That  is, 
known  amounts  of  HRP  (conjugated  to  the  secondary  antibody)  are  added  to  solutions  of  Ultra 
Amplex  Red  and  hydrogen  peroxide  and  the  reaction  kinetics  are  followed.  A  quantitative 
relationship  between  the  fluorescent  signal,  Fmax  and  the  amount  of  HRP  is  thereby  established. 
Figure  17  shows  the  fluorescent  signal  generated  by  5  ng  of  antigen  (secondary  antibody)  HRP 
conjugate  dissolved  in  an  individual  micro-plate  well  containing  800pL  of  Ultra  Amplex 
Red/H202  solution.  An  example  of  an  empirically  determined  calibration  curve,  which  relates 
Umax  to  the  amount  of  antigen  (secondary  antibody)  HRP  conjugate,  is  shown  in  Figure  18. 


Figure  17.  Relative  fluorescent  units  (RFU)  generated  by  5ng  of  antigen  (secondary  antibody)  HRP 
conjugate  dissolved  in  an  individual  micro-plate  well  containing  800pL  of  Ultra  Amplex  Red/H202 
solution.  Averages  and  error  bars  are  determined  from  3  independent  experiments. 
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Figure  18.  A  calibration  curve  for  F^ax,  expressed  in  relative  fluorescent  units  (RFU)  per  minute,  versus 
total  mass  of  antigen  (secondary  antibody)  HRP  conjugate  present  in  800pL  of  buffer  in  an  individual 
micro-plate  well. 

In  Figure  19  we  show  a  typical  fluorescent  signal  generated  by  a  chiclet,  immersed  and  analyzed 
in  a  micro-plate  well,  as  described  above.  Note  the  qualitative  similarity  between  the  signal 
generated  by  HRP  immobilized  on  the  chiclet  and  the  signal  generated  by  the  HRP  in  free 
solution  (Figure  17).  For  these  particular  results,  ACAM  was  incubated  over  the  chiclet  surfaces 
at  an  initial  concentration  of  0.001  mg/ml,  which  is  a  slight  modification  of  the  protocol 
summarized  in  Figure  3. 

Signals  such  as  those  depicted  in  Figure  19  are  then  analyzed  to  extract  values  of  Fmax-  For 
example,  Fmax  for  the  signal  shown  in  Figure  19  is  38.5RFU/min.  The  value  for  Fmax  is  in  turn 
compared  to  a  calibration  curve,  such  as  Figure  18,  to  establish  the  amount  of  antigen  HRP 
present  on  the  chiclet.  For  the  chiclet(s)  associated  with  the  signal(s)  shown  in  Figure  19,  this 
turns  out  to  be  about  1.6  ng/cm^. 

Since  the  antigen  binds  to  ACAM  in  a  one-to-one  arrangement,  we  then  know  the  amount  of 
ACAM  on  the  chiclet.  In  Figure  20  we  show  the  number  density  of  ACAM  molecules  attached 
to  a  chiclet  surface,  after  one  hour  of  incubation  time,  as  a  function  of  the  initial  concentration  of 
ACAM  in  the  incubation  solution.  For  the  conditions  explored  thus  far,  the  results  indicate  that 
the  amount  of  ACAM  bound  to  the  surface  varies  linearly  with  the  amount  of  ACAM  initially  in 
solution.  Since  the  ACAM  attaches  to  protein  G  (Figure  3),  the  implication  of  these  results  is 
that,  for  the  range  of  conditions  explored,  there  is  a  large  excess  of  protein  G  on  the  surface. 

More  importantly,  these  data  show  that  we  can  manipulate  the  amount  of  ACAM  on  the 
derivatized  surface  by  controlling  the  amount  of  ACAM  in  the  incubation  solution.  At  an 
ACAM  surface  concentration  of  2.4  x  10^  molecules/cm^,  there  is  one  molecule  of  ACAM  for 
every  4X  10  nm  of  surface  area,  which  corresponds  to  a  patch  of  surface  about  200  nm  by 
200  nm. 
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Figure  19.  The  average  fluorescent  signal  generated  by  a  chiclet  as  a  function  of  time.  Averages  are 
shown  for  results  from  independent  measurements  on  six  different  chiclets.  An  initial  ACAM 
concentration  of  0.001  mg/ml  was  incubated  over  the  chiclet  surface.  The  ratio  of  antigen  (secondary 
antibody)  HRP  conjugate  concentration  to  ACAM  concentration  was  on  the  order  of  2  to  5.  Here  F^ax  is 
38.5RFU/min. 


Figure  20.  The  density  of  ACAM  (molecules/cm^)  attached  to  a  chiclet  surface  after  one-hour  incubation 
time  versus  the  initial  ACAM  concentration  in  solution.  Measurements  were  taken  at  initial  ACAM 
concentrations  of  0.001  mg/ml  and  0.01  mg/ml;  a  trend  line  in  included  to  indicate  the  remarkably  linear 
relationship  between  the  resultant  surface  number  density  and  the  initial  concentration  of  ACAM  in 
solution. 
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In  summary  we  have  made  the  following  progress  with  respect  to  surface  modification  and 
characterization  during  the  first  year  of  work.  We  have  developed  an  assay  to  quantify  the 
amount  of  active  ligand  (in  this  case  AC  AM)  that  we  attach  to  silicon  dioxide  surfaces.  And  we 
have  shown  that  we  can  control  the  amount  of  surface  bound  ACAM  by  controlling  the  initial 
concentration  of  ACAM  in  the  solution  from  which  we  do  the  incubation.  Another  key  process 
parameter  that  we  can  use  to  control  the  concentration  of  bound  ACAM  is  the  incubation  time 
and  these  studies  are  currently  underway. 


Key  Research  Accomplishments 

•  Transfection  of  MDA-23 1  to  over  express  an  N-cadherin-GFP  fusion  protein 

•  Fabrication  of  microchannels  with  active  antibody-functionalized  surfaces 

•  Assembly  of  the  experimental  set-up  for  driving  cells  through  the  microchannels 

•  Demonstration  of  the  highly  selective  binding  of  N-cad  expressing  cancer  cells  to  a  flat 
surface  functionalized  with  anti-N-cad  antibodies 

•  Capture  of  cancer  cells  in  functionalized  microchannels: 

o  Poor  capture  yield  under  flow  conditions  even  at  very  low  speed 
o  High  capture  yield  after  ISmin  incubation  time  under  no-flow  conditions 

•  Strong  attachment  of  the  cancer  cells  to  the  functionalized  microchannels;  high  flow-induced 
shear  stress  not  adequate  for  subsequent  cell  detachment 

•  Developed  assay  to  characterize  the  amount  of  anti-N-cad  antibodies  on  derivatized  surfaces 

•  Demonstrated  that  we  can  control  amount  of  anti-N-cad  antibodies  on  derivatized  surfaces  by 
manipulating  the  amount  of  anti-N-cad  antibodies  in  incubation  solution 


Reportable  Outcomes 

•  L.S.L.  Cheung,  X.J.  Zheng,  A.  Stopa,  J.A.  Schroeder,  R.L.  Heimark,  J.C.  Baygents,  R. 
Guzman,  Y.  Zohar,  Capture  of  breast  cancer  cells  in  a  microfluidic  system.  First  Sensor, 
Signal  and  Information  Processing  (SenSIP)  Workshop,  May  11-14,  2008,  Sedona,  Arizona. 

•  L.S.L.  Cheung,  X.J.  Zheng,  A.  Stopa,  J.A.  Schroeder,  R.L.  Heimark,  J.C.  Baygents,  R. 
Guzman,  Y.  Zohar,  Capture  of  circulating  cancer  cells  using  microfluidic  systems.  Fifth  Era 
of  Hope  Meeting,  Jun.  25-28,  2008,  Baltimore,  Maryland. 
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Conclusions 


MDA-MB-231  cells  have  been  sueeessfully  transfeeted  with  a  N-cadherin  expression  vector. 
Since  MDA-MB-23 1  cells  endogenously  express  eadherin- 1 1 ,  this  will  allow  us  to  eompare  the 
capture  of  transfeeted  versus  eontrol  cells  to  test  the  seleetivity  of  the  mierofluidie  system.  An 
anti-N-ead  functionalized  surfaee  has  been  found  to  be  highly  specific  in  binding  N-cad 
expressing  cells,  even  in  the  presenee  of  E-ead  expressing  cell.  Therefore,  funetionalized 
surfaces  can  be  used  as  a  cell  sorting  tool.  Microfluidic  systems  with  anti-N-cad  funetionalized 
surfaces  have  been  fabrieated  to  be  used  as  a  sorting  deviee  of  metastatic  prostate  eaneer  eells 
from  heterogeneous  suspensions  of  eells.  Thus  far,  it  has  been  diffieult  to  eapture  target  eells  that 
are  in  motion;  even  at  low  speed;  however,  ISmin  of  incubation  time  is  sufficient  for  allowing 
the  target  cells  to  strongly  bind  to  the  functionalized  surfaee.  Therefore,  the  mierosystem  can  still 
be  operated  in  a  eontinuous  mode  but  with  an  unsteady  flow  rate.  An  assay  has  been  developed 
to  charaeterize  the  amount  of  immobilized  anti-N-cad  antibodies  on  derivatized  surfaces; 
furthermore,  the  amount  of  anti-N-cad  antibodies  on  derivatized  surfaces  ean  be  controlled  by 
manipulating  the  amount  of  anti-N-cad  antibodies  in  the  ineubation  solution.  This  is  an  important 
step  in  the  effort  of  maximize  the  eapture  effieieney  of  target  eells  by  the  funetionalized  surfaees. 
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ABSTRACT 

C  ircuLatisE  tumoi-  celli  rejjiresent  eh  alteixiETL^  e  to  invasR  S 
biopsies  for  CEScef  detactiou  asd  cliaractEiLiEtioa.  CmnezLt 
teolisiqujes  for  iiolatizLE  tbeiE  cells  are  liinited  to  complex 
analytic  appioaclies  witb  poor  results.  Here,  selective 
bindbiE  of  biE^ast  cancer  cells  to  a  biolo^alh"  deiivatiEed 
siufEce^  ntdizitiE  a  mkiofltiidic  system,  lias  expeiimentally 
been  studied  nndei'  both  static  (uo-flow)  aud  dsmamic  (flo^  ) 
condition:,.  Silicou-to-slass  bondiuE  is  nsed  to  fabiicate  a 
mic  IOC  barm  el  device  followed!  by  immobilization  of  anti-E- 
Cadlieiin  molecules  on  tbe  cbannel  imface.  This  bio-actn  e 
coating  is  ludeed  biELly  specific  m  captmins  3T20  br&ast 
cancel  cells.  F\:rtbEimore,  vbe  mimber  of  capture  cells 
incieases  almo  st  linearly  mtb  incubatLou  dme  witbm  vbe  first 
1  Dmiu.  Tbe  effect  of  flow  ^-olocit^'  on  captiuin^  cancer  colls 
has  also  been  in vesd  sated. 

Ind^x  I^rms  -  Circulating  tiunor  ce-lls,  adbe siou -based 
separatLom  mLcrocbannel  autibody  co^tms 

1.  ESTRODLXIIOX 

C  iiculating  tumor  cells  bavie  been  Ldeudned  lu  pEripbeiai 
blood  from  cancel  pa.tLeuts  and  are  probably  tbe  origin  of 
intiacta.ble  metastatic  disease  [1].  Tliese  tumor  cells  ar  e  veiy 
laie,  compiisrag  as  as  one  cell  per  10^  celL  iu  tbe  blood 
of  patients  with  metastatic  cancer-  hence,  their  isolation 
presents  a  ti-Emeridous  tecbnical  challenge  [2].  NonevLeless, 
these  cells  repTesEut  a  potential  alteinatise  to  invashe 
biopsies  as  a  souice  of  tumor  tissue  for  the  detectiorL 
chaiacTeiization  aud  mouitoima  of  non-bsEmatologic 
canceTs  [3].  Tbe  abiht>'  to  identify-,  isolate  and  molecularly 
chaiacteiize  ciiculatiag  tumor  cells  subpopulations  could 
f-jj-thar  the  discos  en^  of  cancer  siem  cell  biomarters  aud 
enhance  the  imdEastandiuE  of  the  biology-  of  metastasis. 
Current  strategies  Ibi  isolatiuE  cancer  cells  circulating  lu  tbe 
blood  stream  are  stiU  Imiited  to  complex  anahmc  approaches 
tbait  generate  r^y  low  yield  and  purity  [4]. 

Fluidic  microsystems  pros  ide  unique  opportunities  for 
cell  sorting  and  rare -cell  detection:  thes^  have  been  used  for 
microfluidic  flow-  cytometry,  coutiu-cous  size-based 
separ-a.tiou.  and  adnesion-based  separation  [3].  Despite  their 


success  in  m  anipiilating  minute  amo-mts  of  sunple  liquids  in 
microscale  channels,  they'  hr-te  thus  far  shown  limited 
capability  to  deal  svith  the  cellular  and  fluid  complexity-  of 
large  volumes  of  whole  blood  samples  [b].  Recently,  the 
captme  of  tumor  cells  has  been  demonstrated  usiue  an 
antibody -based  platform  in  a  microderice  [7].  Micro- 
channels  bat  e  been  ftmcnonalized  with  and-epitbehal-cell- 
adhesion  molecule  fanti-EpCAhl)  antibodies  to  geuErate 
captmie  smfaces  for  collection  of  tai-Eet  cells  [3].  In  a 
landmark  study,  using  tbe  same  EpCAM  antibody'  coatins,  a 
microcbannel  with  microposts  has  been  developed  for 
selective  separation  of  ’idable  cnculatinE  tumor  cells  horn 
pEripheral  whole  blood  samples  [9].  Tbe  fabricated 
microdevices  identified  tumor  cells  in  tbe  peiipberal  blood 
of  patients  with  metastatic  lung,  prostate.,  pancreatic,  breast 
and  colon  cancer  with  approximately  purity-. 

F-rrtheimore,  the  chip  was  utihzed  in  monitoahiE  changes  in 
t-mior  cells  number  di-ie  to  anti-cancer  therapy,  thus, 
providiuE  a  new  md  effectiv  e  tool  for  accmate  idEoitification 
and  measurement  of  tumor  cells  in  cancer  patients. 
Following  a  similar  approach,  we  report  selective  binding  of 
br^st  cancer  celh  in  a  microchannel  coated  with  anti-E- 
Cadherin  antibodies. 

EXPERIMENTAL  ARRANGEMENTS 

A  schematic  cross^ecdon  of  an  antibody-coated 
microchannel  is  illustrated  in  Figure  1,  and  the  detice 
fabrication  process  has  been  detailed  else^vhere  [10].  The 
fabrication  of  the  microchannel  starts  with  a  thermal  growth 
of  a  O.Ipm  thick  oxide  layer  on  a  4"  <30Q>  P-ty-pe  silicon 
w  afer  about  5  CO  inn  in  tbickuess.  The  microchannel  pattern, 
is  transferted  to  the  oxide  etch  mask  udlizinE  standard 
photolithography  and  etching  techniques-  the  microchannel 
length  is  about  Z=i2mm  and  its  width  about  fr=lmm.  The 
microcbEnnel  giooiies,  lUOiim  deep,  are  etched  in  the  silicon 
wafer  usins  25%  TI/AH  After  stripping  the  oxide  etch 
mask,  a.  fresh  0.3[mr-thick  silicon  dioxide  lay-ei-  is  thermally- 
grown  on  each  processed  wasr.  hr  oader  to  maximize  the 
hy'dioxyd  groups  on  tbe  oxide-coated  surface,  tbe  substrate  is 
treated  with  1:1:6  of  3C'^b  hydrogen  chloride,  hydrogen 
peioxide  and  DI  watei-  at  for  l^minutes,  rinsed  in  DI 
water,  and  dried  with  ninogen  gas  f.ow. 
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Fi^iie  1.  A  sc^EuiatLc  Crois  iectLon  of  a  uiLc  rode  vice  with 
an  antibody-f^uLticualLzed  inki-aciiatiDe]  iiuface. 


[iilft  Outlet 


Fl^itc  2.  A  pliDt-DsrapLi  of  a  pacl;ased  uiLcrpdfivice  ^ith 
EcknocbaiLLie]  inLet-dutlet  adapt-pis  iftef  coEopLetion  of  vLe 
Eckiocbaime]  fabrication  piocesa. 


rtiE  insEr  imface  pf  tliE  fabiicatEd  EciciocbanuE]  is 
unifpimh'-  f^nctionaliza  d  ^itLi  antibpdy  lpoIec^Les  folLowms 
a  pro^i-pysly  laportEd  bio  ass^y  []!].  T^e  mici-pcIiaiiEL  is 
fillsd  with  1%  (vpL'vpI)  3-ammopiopyltii-px^fsilaiiE 
(APr5£)-acEtoiiE  sphition  foi  limLnutes  at  topeq 
TEinpeiatiirE.  Tims,  tlia  liydio\yl  sioups  of  tiE  silicon 
dio^ida  smfacE  arE  silanted  lasuLtisE  in  sElf-assEuiblsd 
APTES  m-plecuLs-s.  Tbc  APTES -coated  surface  is  activ  ated 
t^itb  1.3%  (voL'vol)  slutaiaJdeli^'de  k  water  CFlnEa)  for  2 
kom-s  at  room  tempEiatiue  to  piomotE  a  Sclnff-base  reaction 
between  the  amine  and  aldebyde  groups.  Afiei  flusbitiE  the 
miciocbaune^  with  ekcess  of  DI  water  azid  lx  pLospkate 
bufifei  saline  (PBS)  buffer  solution.  Fioiein  G  from  E.coli 
(ZvniEd  Lab  Inc.),  50  pg’  tnl  in  l>fF3S,  is  incubated  on  the 
activated  smface  for  oveinislit  at  4“C .  In  order  to  block 
excess  of  silane  sites,  tbe  ckannel  is  filled  until  bovine  seinm 
albcmin  (BSA)  solution  (3mE  'ml  in  l^PBS)  for  1  koiu  at 
room  tEuiperatnie.  Finally,  eitbei  anti-E-cadbeiin  (anti-E- 
Cad  from  Zymed  Lab  Inc)  or  anti-?s'-cadliEiin  (anti-N-Cad 
from  Si™a)  antibodies  from  mo'cse.  100  ps'tnl  in  l^PES 
are  incubated  on  the  pioteia  G  Layer  at  room  Temperature  for 
1  hoiu.  The  immcnoassay  is  completed  after  thoroc^hly 
washiuE  the  microchamiel  in  FBS  solution  and^  thus. 
obtainiuE  a  micrpchanneL  innei'  surface  uniformly  coated 
with  an  antibody  La^'ier.  A  pkoto^aph  of  a  pack  aped  device, 
udth  a  functionalize  d  micTocliamLej.  is  shown  in  Fi^ue  2. 

The  bio-activit>'  of  the  antibody  layer  inside  the 
micTochannel,  after  device  packaEin^,  is  tested  usuis 
antibody-antigeu  interaction.  Anti-mo'cse  IsG  whole 
molecules  (Tacitson  lunnunoRjeseaich),  tasked  with.  Cy3 
flttore  scent  dyes,  at  a  concentration  of  15  UE-ml  in  I>5PB£ 
am  incubated  in  the  microchanneL  for  1  hour  at  room 


temperature  in  the  dark  to  prevent  photo  bleaching  of  the 
Cy3  molecules.  After  inc'cbatiom  the  microckannel  is 
washed  thorouEhly  and  filled  with  IkPBS.  The  device  is 
tkeu  excited  undei-  a  fluorescent  microscope  (Nikon  eclipse 
30i)  equipped  svith  Cy3  filtei-.  A  red  heht  is  emitted  fiom  the 
regions  correspondicg  to  the  immobilized  antibody,  as 
demonsUated  in  Figme  3.  Fuithermoie.  the  corresponding 
noimalized  inteniity  profiles,  plotted  in  Figme  4,  are  faiily 
uniform  aLona  and  across  the  microchannel  (eiTor  bars 
indicate  one  standard  deviation).  Thus,  the  microchanneL 
fabrication  process  employed  in  this  woik  Leads  to  the 
successfid  nnmobilization  of  an  ani-E-C  ad  antibody  layer 
stiLl  bio -active  after  device  packasmg. 

The  E-cadheiin  eitpressinE  ET20  bmast  cancer  cell  Line 
is  mamtanied  and  grown  m  1  xDMEM’Fl  2  (InvitroEen)  with 
10%  fetal  bovine  seium  (Cellgro)  and  1%  penicillin- 
streptomycin  (InvitroEen)  at  3  "PC  m  5%  COi  in  humid 
environment.  The  growth  medimn  is  aspirated  and  the  cells 
are  incubated  with  4mM  EDTA  in  Ixcalcimn  nee  PBS 
(ChlF-PES)  for  15  mins  for  detachment.  After  centrifirsation 
and  solution  removal,  the  cells  are  re-suspended  is  l^S- 
MEM  (Ins  itrogen)  with  0.1%  3SA.  while  the  concentration 
is  determinmE  hy  ce-lL  counting  uith  a  haemocytometer. 


FiEcre  3.  A  fluorescent  microscope  imaze  of  a  micro- 
channel  seement.  about  Imm^  m  area,  follo^ving  labeled- 
ant  igen^'antibody  mteiaction  to  test  the  bioactivit>'  of  the 
iEQQKjbihzed  antibody  layer. 


Fiaure  4.  Measured  intensity  profiles  along  and  across  the 
microchanneL  shosvn  in  Figure  3. 
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Fi^u^e  5.  PaixzauTase  of  captyred  3T20  breast  c  aucer  cells  in 
vliree  EckiecliaiiZLeis  witli  dirfeiest  iiuface  coatiag:  silicon 
dioKide.  aiiti-?s'-Cad  and  antl-E-Cad  antibodies  a^ei-  ISLoin 
incybatLou  dma  -^ndar  no  -flow  cooditiDii. 

Tbe  ET20  cell  syspension  is  loaded  into  the 
Edicnocbaxmel  using  a  s^iiuge  pymp.  Once  the  diarLcei  is 
filled.  Tbe  pump  is  tiuTsed-off  allosving  cell  incubation  for  a 
selected  time  interL-al.  Tien,  a  second  ssiinge  punp  is  ysed 
to  flysh  tbe  clianne]  with  lxCMF-F3S,  under  conUolled 
flow  rate,  for  tbe  removal  of  un-bounded  cells  and  testine 
the  cell-adlies-on  streugtli.  All  axperiEneuts  are  conducted 
and  morntoied  \inder  a,  ruicroscDpe  equipped  uitb  a  CCD 
c  amera  and  a  DVD  recorder  for  finlliar  data  processrns. 


- 
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Fieyre  6.  Images  of  captured  3T2&  bieast  cancel  cells  in 
microcbannels  coated  with  and-E-C  edberin  afltei:  (a)  ^mra, 
and  {b}  15min  incubation  time. 


Fieure  7.  Tbe  effect  of  incubadon  time  on  tbe  percentage  of 
cancer  cells  captured  on  tbe  auti-E-C  ad-coared  roicro- 
cbannel  smface. 


3.  RESUXTS  AM>  DIbC  I  S&ION 

3.1 .  C  ell  ca  pture  u  nder  no  -flotv  con  dition 

To  demonstrate  specific  cell  binding,  E-Cadbeiin.  esqaessing 
breast  cancer  cells,  ET20,  have  been  incubated  in  tbiee 
Ediciocbannels  coated  with  either  silicon  dioxide.  and-N- 
Cadlieiin  oi  anti-E-Cadberin  antibodies.  After  15mui 
incubatiou  dure  at  room  temperature,  tmdei-  no-flow 
condition,  the  total  number  of  cells  m  each  microcbannel  is 
comted.  Tbe  microcbannels  are  then  washed  wdtb  IxCMF- 
F3S  to  remove  un-boimded  cells,  leaving  inside  only  ET20 
cells  firmly  attached  to  tbe  channel  sur  face.  Tbe  percentase 
of  caponed  cells  m  c  omparison  to  tbe  inidal  number  of  cells 
present  in  each  channel  is  plotted  m  Figme  5  for  tbe  three 
tested  microchannels  ■  50%  of  tbe  cells  ruitially  present  in  the 
miciochaimel  are  captured  on  the  mti-E-C  ad  smface,  while 
less  thm  10%  are  captured  on  tbe  anti-\-Cad  surface,  md 
about  20%  bind  non-specifically  on  tbe  oxide  smface. 

Furthermore,  the  images  in  Figme  6  demonstrate  that 
the  number-  of  captmed  BT20  cells  by  tbe  anti-E-Cad 
coadng  sUouEly  depends  on  tbe  racubation  dme.  As  sbosvn 
in  Fieure  7,  increasing  tbe  mcubation  time  from  5  to  10  and 
15ruin  resulted  in  a  longbly  linear  increase  in  the  percentage 
of  capUued  3T20  cells  with  respect  to  the  inidal  number  of 
cells  loaded  into  tbe  microcbannel. 


3.1.  Cell  capfnr'e  under  flow  coudttioir 

Attempts  to  capture  moving  cancer  cells  at  bigji  flow  rate 
were  unsuccessftrl.  Ho^vever,  the  sequence  of  imaees  in 
Fie-^tre  S  shows  that  the  locadon  of  tbe  marked  cell  in 
Fieures  E(a-b)  is  chmeing.  while  in  Figmes  3(c-d)  it  is 
fixed.  This  clearly  demonstrates  that  a  mos  ing  ET20  cell  in 
contact  with  an  And-E-oad  coated  smface  c  an  be  captmed. 


If 
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Fieure  S.  A  time  sequence  of  images  showing  ET20  cancer 
cell  passing  thioaren  a  microchaunel  with  an  anti-E-Cad- 
coated  surface:  (a)  r=C's,  (b)  .^6s,  (c)  f=12s  and  (d)  f=lSs. 
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4.  CONXLUfelONSp 


Figiue  9.  Tlia  diiplac  EuiEut  of  tliE  paiTiciilai-  BT20  cancer 
cell  track  ed  in  fi^ue  9  indicatLiis  captm  e. 


Micioclianne];  with  anti-E-Cad  antibody  coated  surface 
ha’ne  been  sue  cessfully  ntiLized  to  ipecifically  captiue  E- 
cEdheiin  expiessinE  3T2C>  biea.st  cancer  ceLlc.  Under  no 
flow  corLdiliDDj  tlie  rtunbei  of  captured  BT2  0  cells  Lncreasec 
linearly  with  incubation  time.  Cells  mo^dn^  at  a  low  speed  in 
coutact  with  the  coated  smtace  can  be  captiued.  wtiiLe 
captured  cells  can  withstard  s  eiy  hi^h  flow  latec. 
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CAPTURE  OF  CIRCULATING  CANCER  CELLS  USING  MICROFLUIDIC  SYSTEMS 
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The  use  of  a  microfluidic  system  to  capture  metastatic  cancer  cells  from  suspension  has  been 
studied.  Here  capture  occurs  on  microchannel  surfaces  that  contain  an  immobilized  cadherin 
ligand,  which  specifically  binds  the  target  cells,  and  capture  has  been  studied  under  both  no-flow 
and  flow  conditions.  Breast  carcinoma  cells  that  metastasize  to  the  circulation,  in  contrast  with 
normal  epithelial  cells,  typically  down-regulate  E-cadherin  and  can  up-regulate  N-cadherin. 
Hence,  the  cadherin  system  provides  a  natural  tool  to  select  metastatic  tumor  cells  circulating  in 
the  blood. 

The  microchannel  fabrication  process  starts  with  patterning  a  SOOOA-thick  thermal  oxide  layer 
on  a  2”  silicon  wafer.  A  TMAH  solution  is  used  to  etch  channels  about  100pm  deep  and  the 
oxide  mask  is  stripped  away.  The  substrate  is  then  re-oxidized  forming  a  Ipm-thick  silicon 
dioxide  layer.  Separately,  a  glass  cover  slip,  with  inlet/outlet  holes,  is  made  to  place  over  the 
etched  silicon  base  and  form  the  upper  surfaces  of  the  channels.  The  cover-slip  is  incubated  with 
PEG  solution  to  prevent  non-specific  binding  on  the  upper  channel  surface.  UV  glue,  applied 
with  a  fabric  brush,  is  used  to  bond  the  cover-slip  and  the  etched-silicon  base  in  a  contact  mask 
aligner.  Bottom  surfaces  within  the  channels  are  then  derivatized  as  follows.  The  hydroxyl 
groups  on  the  oxide  surface  are  silanated  in  1%  (vol./vol.)  3-aminopropyltriethoxysilane 
(APTES)-acetone  solution,  followed  by  activation  in  2%  (vol./vol.)  glutaraldehyde  in  phosphate 
buffer  saline.  Protein  G  is  next  incubated  on  the  activated  surface.  Finally,  anti-N-cadherin  IgG 
or  E-cadherin  IgG  is  immobilized  on  the  protein  G  layer  through  binding  of  the  Fc  region. 

To  demonstrate  cell  capture,  N-cadherin  expressing  test  cells  have  been  incubated  in 
microchannels  coated  with  either  anti  N-cadherin  or  normal  IgG  antibodies  at  room  temperature 
for  I5min  in  calcium- free  media  with  0.1%  BSA.  After  standard  washing,  80%  of  the  cells 
initially  present  in  the  channel  are  captured  on  the  anti-N-cadherin  surface  under  no-flow 
conditions  (Fig.  1).  Only  10%  are  captured  on  the  mseIgG  surface.  Increasing  the  incubation 
time  from  5  to  15min  increased  the  percentage  of  captured  cells  from  10  to  80%.  Once  strong 
binding  is  established,  flow  induced  shear  stress  with  average  velocity  of  up  to  3mm/s  failed  to 
dislodge  the  captured  cells.  In  dynamic  conditions,  i.e.  cell  capture  from  flowing  suspensions, 
cells  with  a  translation  velocity  as  low  as  O.lmm/s  have  been  observed  to  roll  on  the  derivatized 
surface,  though  no  cells  have  been  captured  at  even  these  modest  translation  rates. 


Figure  1:  Cancer  cells  captured  in  a  microchannel,  100pm  deep  and  1mm  wide. 
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